This letter proposes a frequency domain equalization (FDE) scheme with a threshold in molecular communication (MC). The responses of a MC channel are tendency to have low pass characteristics and inter-symbol interference limits the data rates of MC. However, because of the characteristics of the MC channel, equalization coefficients for high frequency components may increase. Therefore, noise enhancement occurs and it deteriorates communication performance. As large channel responses concentrate at around a zero-frequency component, in the proposed equalization scheme, the high frequency component of the received signal is eliminated if the equalization coefficient exceeds a threshold in the proposed scheme. Numerical results obtained through computer simulation show that the threshold improves the communication performance with the proposed FDE. It is also shown that the trade-off between the noise enhancement and the pulse waveform effects on the performance.
Introduction
Molecular Communication (MC) is a bio-impelled diffusion based system where the trading of data is acknowledged through the transmission, dissemination, and reception of particles such as bacteria's, pheromones etc. This standard model was initially examined in biological science since it is effectively incorporated in nature by cells for intra-cellular and inter-cellular correspondence [1] . Diffusion-based communication arises as one of the most promising solutions for the communication mechanism between nano-scale devices for its inherent compatibility with living organism and biochemical devices, e.g., pheromone propagation in the air between insects [2] or calcium signaling among living cells [3] . The interest in MC is for applications in a diverse number of fields, including biological engineering, healthcare, manufacturing, and environmental monitoring [1] . The assumed MC system model is presented in Fig.1 [2] . The transmitter generates and emits molecules into the propagation medium. The transmitter takes the data bits and modulates them to a chemical signal by a device which then emits the chemical molecules into the channel. At the receiver side, the receiver counts the molecules through the sensor and accumulates the number of absorbed molecules during each time slot [3] . The number of absorbed molecules during each time slot is compared with a predetermined threshold for demodulation. The demodulator and decoder block is programmed in a microcontroller [2] .
The characteristics of a diffusion channel play an important role in propagating the molecules. Some of these molecules hit the receiver while few remain in the medium which may reach later or lost [2] . Inter-symbol interference (ISI) is a major problem that is caused by diffusion. Some of the carrier molecules may be unsuccessful to reach the receiver in their anticipated time period and may interfere with data molecules in a consequent symbol period [3] . For molecular communication systems a higher data rate and better efficiency is being demanded though it is limited by noise and ISI.
Currently research for ISI in MC has been focused on time domain equalization (TDE) [3] . As it is known that, in nano communication systems, a simple and miniature-scale equipment is needed [1] . While, in frequency domain equalization (FDE), multiplication operations instead of convolution are applied and they are realized with simpler hardware implementation. The usage of FDE centred on a minimum mean square error (MMSE) criterion based on channel estimation can take the advantage of channel frequency selectivity and hence improves its bit error rate (BER) performance [5] .
In [6] and [7] the conventional MMSE equalization scheme incorporating decision feedback channel estimation faces the same noise enhancement issue. The channel estimation could be implemented using decision feedback as well as pilot insertion at the receiver. The conventional scheme in [6] adopts the decision feedback channel estimation only for the subcarriers with a large estimated channel response. If the estimated channel response is small, it applies the response estimated only by the pilot symbols. The latter case is equivalent to the proposed scheme with a threshold of zero in this letter.
MC channels are tendency to have low pass characteristics and large channel responses concentrates at around a zero-frequency component. High frequency components should be eliminated rather than being equalized to prevent noise enhancement. Therefore, this letter proposes a FDE scheme that eliminates frequency component of signal in order not to emphasize noise power if a corresponding equalization coefficient is less than a threshold.
System Model
A point source transmitter releases N molecules in all directions into an unlimited single dimension (1D) environment with constant temperature since a point segment reception in the receiver is assumed [2, 8] . The released molecules are initially distributed uniformly throughout the surroundings. Local molecule absorptions are low enough to assume that the molecules are diffused into the surroundings with a diffusion coefficient, D. Here molecules in the form of small droplets of alcohol are assumed. These molecules are released to the surrounding medium, where they diffuse according to Brownian motion and arrive at the receiver [2]. These particles are detected by a receiver that has a radius of r RX and is placed at a distance of d from the center of the transmitter [8] .
A channel impulse response, h X (τ), is defined as the number of molecules expected at the receiver after a delay of τ while assuming that the N molecules are instantaneously released by the transmitter at time t=0 (i.e. considering time period of molecule release is negligibly small). The channel impulse response for a point transmitter is presented below [8] .
(1)
In Eq. (1), it is presumed that the channel stays constant throughout the communication, i.e. it is assumed to be a static channel. The Diffusion coefficient, D, and the radius of receiver, r RX , have the constant values which are predetermined. According to the constraint on the magnitude and the power of particles, a straight forward modulation mechanism is presumed to be implemented for nano molecules.
The transmitter discharges a predetermined number of particles into the aqueous medium during every duration of the symbol. The nth on-off modulation symbol is denoted with s(t) and
where T s is the symbol interval. The expected signal that reaches the receiver is expressed as where N o is the noise spectrum density and E s is the symbol energy.
The problem with the equalization of the received signal is that equalization also emphasizes the noise power as well. In order to minimize the effect of the noise enhancement through equalization, in the proposed scheme, the channel response has to be compared with a pre-selected threshold and the signal component after equalization is set to zero if the corresponding channel response is lower than the threshold. This process is represented as
where T h is the preselected threshold value. If the channel response is too small, the term, , increases as the denominator of the right term in Eq. (4) approaches to 0 that may be a small value. Therefore, to prevent noise enhancement, is set to zero for < ℎ .
Numerical Results

Simulation Conditions
For the purpose of numerical evaluation through computer simulation the following simulation conditions are assumed; 10 5 symbols are transmitted for each plot, a diffusion coefficient of alcohol is 9.59 * 10 −6 m 2 /s. The radius of a receiver is 1 µm, and the distance between the transmitter and the receiver is 5 µm. The total number of molecules transmitted are N = 10 3 . The symbol interval T s = 0.5 second (100 samples) and the size of the FFT is M = 200. The normalized threshold for FDE MMSE is set between 0.00 and 0.20.
The frequency response of the MC channel for the FDE MMSE with the threshold ({R k } in Eq. (5)) and the normalized pulse waveform at the receiver as well as those after FDE are presented in Fig. 1(a) and 1(b) . The channel responses are concentrated at around a zero frequency component. It is clearly depicted that the responses of the channel in higher frequency are very small so that they can be neglected to suppress noise enhancement.
(a) Normalized channel response (b) Equalized signal before detection It is clear from Fig. 1(b) that the pulse amplitude at the point of 100 samples causes ISI as the symbol interval is 100 samples. The ratio between the maximum amplitude to the amplitude at a point of 100 samples varies depending on the threshold values as shown in Fig. 1 . For example, if the threshold value is 0.10 or 0.14, the interference to the following pulse is relatively small while the interference to the following pulse is large if it is 0.12. Thus, the system performance is closely related to the amount of ISI. Express, Vol.1, 1-6 
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Performance Results
Relation between BER and Threshold
As explained in Fig. 3(a) , as threshold increases, BER decreases until it reaches 0.10. However, the BER increases at the thresholds of 0.11 and 0.12. This is due to the fact that the ISI affects the system performance; Fig. 2(b) and Fig. 3(a) correspond to each other. The rise in the BER at the particular values of the threshold implies that a specific threshold value has to be selected based not only on the amount of noise enhancement, but also on the pulse waveform. Therefore, the pulse wave form as well as the amount of noise after equalization decides selection of threshold values. 
Relation between BER and E b /No
The BER performance versus bit-energy-to-noise-spectrum-density (E b /No) for different threshold values is presented in Fig. 3(b) . The conventional FDE-MMSE with feedback channel estimation at a threshold value of zero shows the worst performance because of noise enhancement. On the other hand, it is clear that the proposed system achieves the best performance for a threshold value of 0.10. Although the threshold value varies from 0.06 to 0.14, BERs with the other threshold values show worse BERs because of the ISI.
Conclusion
In this letter FDE MMSE with the threshold has been proposed to achieve better system performance for the diffusion based molecular communication. The proposed technique is used to suppress the amount of noise enhancement caused by FDE MMSE equalization with the selective threshold. As seen in the above sections that large channel responses are concentrated at around a zero frequency component. According to the threshold value the amount of ISI after FDE varies. Therefore, the tradeoff between the noise enhancement and the pulse waveform after FDE effects on the BER performance.
